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,QWURGXFWLRQ
7KHVHGD\V VHYHUDO IUHHIRUP IDEULFDWLRQ WHFKQLTXHV DUH HVWDEOLVKHG LQ LQGXVWU\ZKLFK HQDEOH WKHJHQHUDWLRQRI
XQLTXH WKUHHGLPHQVLRQDO GHVLJQ PRGHOV RU SURWRW\SHV :KLOH WHFKQLTXHV DV 'SULQWLQJ RU )XVHG 'HSRVLWLRQ
0RGHOLQJ)'0\LHOGSDUWVZKLFKXVXDOO\VKRZDSRRUHUPHFKDQLFDOVWDELOLW\SRZGHUEHGEDVHG WHFKQLTXHV OLNH
ODVHUEHDPPHOWLQJ/%0RISRO\PHUVRUPHWDOVFDQSURYLGHDGYDQFHGPHFKDQLFDOSURSHUWLHV.UXWKet al.
'XH WR WKDW /%0 FDQ DOVR EH XVHG IRU WKH IDEULFDWLRQ RI UHDO IXQFWLRQDO GHYLFHV HYHQ IRU KLJK SHUIRUPDQFH
DSSOLFDWLRQV LQFOXGLQJ DHURVSDFH WRROLQJ PHGLFDO GHYLFHV RU DXWRPRWLYH /HY\ et al.  :RKOHUV 
+RZHYHU FRPPHUFLDO /%0 V\VWHPV DUH VWLOO UHVWULFWHG WR WKH SURFHVVLQJ RI D VLQJOHPDWHULDO 7KH IDEULFDWLRQ RI
SODVWLFPXOWLPDWHULDOFRPSRQHQWVZKLFKFRQVLVWRIGLIIHUHQWPDWHULDO]RQHVORFDOO\VHSDUDWHGE\GLVFUHWHRUJUDGHG
LQWHUIDFHVXVLQJ/%0LVVWLOODVXEMHFWRIFXUUHQWUHVHDUFK/DXPHUet al.,
,QRUGHUWRUHDOL]HPXOWLPDWHULDOSRO\PHUFRPSRQHQWVZLWK/%0LWLVQHFHVVDU\WRSUHSDUHSRZGHUOD\HUVZKLFK
FRQVLVW RI DUELWUDU\ DUUDQJHPHQWV RI GLIIHUHQW SRZGHU PDWHULDOV 6WDQGDUG FRDWLQJ GHYLFHV OLNH EODGHV RU UROOHUV
W\SLFDOO\XVHGZLWK/%0DUHQ¶WFDSDEOHRIWKDW7KXVRWKHUGHSRVLWLRQFRDWLQJGHSRVLWLRQWHFKQLTXHVKDYHWREHXVHG
ZKLFKHQDEOHDIDVWSRZGHUKDQGOLQJZLWKSUHFLVHDQGUHOLDEOHFRQWURORYHUYHU\VPDOOSRZGHUTXDQWLWLHV
2QHVROXWLRQWRDFKLHYHVXFKPXOWLPDWHULDOSRZGHUOD\HUVLVWKHDSSOLFDWLRQRIKRSSHUQR]]OHVZKLFKGLVFUHWHO\
GHSRVLW OLQHV DQG GRWV QH[W WR HDFK RWKHU WR IRUP SDWWHUQHG OD\HUV ,Q WKH UHFHQW \HDUV UHSRUWVZHUH JLYHQZKLFK
SURSRVHQR]]OHVIRUPLFURGRVLQJDQGGHSRVLWLRQRISRZGHUPDWHULDOVIRUDSSOLFDWLRQVLQDGGLWLYHPDQXIDFWXULQJ/X
et al.D6WLFKHOet al.D RU LQ WKHSKDUPDFHXWLFDO LQGXVWU\ &KHQet al.D&KHQet al.E$V
GRVLQJ PHFKDQLVP GLIIHUHQW PHWKRGV ZHUH LQYHVWLJDWHG <DQJ et al.  VXFK DV SQHXPDWLF YROXPHWULF
VFUHZDXJHUHOHFWURVWDWLFDQGYLEUDWRU\PHWKRGV$PRQJWKHPWKHXVDJHRIYLEUDWLRQWRLQLWLDWHDQGFRQWUROSRZGHU
IORZLVRQHRIWKHPRVWSURPLVLQJPHWKRGVDQGZDVVWXGLHGE\VHYHUDOUHVHDUFKJURXSVLQWKHUHFHQWGHFDGHV/X et 
al.D/Xet al.E&KHQet al.D&KHQet al.E7RORFKNR et al.-LDQJ et al.4XLet 
al.6WLFKHOet al.D,WZDVVKRZQWKDWYLEUDWLRQH[FLWDWLRQFDQLPSURYHWKHSRZGHUV¶IORZEHKDYLRXUE\
EUHDNLQJGRZQDJJORPHUDWHGSRZGHUFORWVDQGIOXLGL]LQJLW%\WKDWFRQWLQXRXVIORZDVZHOODVDYDOYHOLNHVWDUWDQG
VWRSIXQFWLRQFRXOGEHDFKLHYHGE\YLEUDWLRQH[FLWDWLRQZLWKRXWXVLQJDQ\PHFKDQLFDOVKXWWHU &KHQet al.D
-LDQJ et al.6WLFKHOet al.D
,QRUGHU WR UHDOL]HDGRVLQJV\VWHPEDVLQJRQYLEUDWLQJQR]]OHV IRU/%0DSSOLFDWLRQ WKH WHPSRUDODQGVSDWLDO
FRQWURODFFXUDF\RIWKHSRZGHUPDVVIORZLVLPSRUWDQWIRUWKHUHSHDWDEOHJHQHUDWLRQRIPXOWLPDWHULDODUUDQJHPHQWV
ZLWKGHILQHGSRZGHU]RQHV+RZHYHUWHPSRUDODQGVSDWLDODFFXUDF\LVQRWQHFHVVDULO\JLYHQVLQFHWKHGU\SRZGHU
GHOLYHU\ LV DIIHFWHG E\ WKH VWDELOLW\ RI WKH YLEUDWLRQ PRGH DQG WKH FXUUHQW SRZGHU FRQGLWLRQ ZKLFK LV HDVLO\
LQIOXHQFHG E\ WKH HQYLURQPHQWDO FRQGLWLRQV LQFOXGLQJ KXPLGLW\ DQG WHPSHUDWXUH 5XPSI  0RUHRYHU WKH
SRZGHUV¶IORZDELOLW\LQIOXHQFHVHVVHQWLDOO\WKHPDVVIORZDQGGHSHQGVRQWKHFRKHVLYHIRUFHVEHWZHHQWKHSDUWLFOHV
YDQGHU:DDOVHOHFWURVWDWLFLQWHUDFWLRQHWFZKLFKDUHGLIIHUHQWIRUGLIIHUHQWSRZGHUV
,Q WKLV UHSRUW WKH PDVV IORZ FKDUDFWHULVWLFV XSRQ YLEUDWLRQ H[FLWDWLRQ IRU WZR QR]]OHV ZLWK GLIIHUHQW RULILFH
GLDPHWHUVLVLQYHVWLJDWHGLQRUGHUWRGHWHUPLQHWKHWHPSRUDODFFXUDF\RIWKHPDVVIORZDQGWRHVWLPDWHWKHUHOLDELOLW\
RI WKH VWDUWVWRS IXQFWLRQ 7KHUHIRUH D ZHLJKLQJ FHOO LV XVHG HQDEOLQJ WLPHUHVROYHG PDVV IORZ PHDVXUHPHQWV
0RUHRYHUGLIIHUHQWSRZGHUPDWHULDOVZHUHXVHGWRUHODWHSRZGHUPDWHULDOVSHFLILFDWLRQVWRWKHPDVVIORZEHKDYLRXU
([SHULPHQWDO
2.1. Vibrating Nozzle and Characterization Setup 
$ VFKHPHRI WKH H[SHULPHQWDO VHWXS FRQVLVWLQJ RI WKH YLEUDWLQJQR]]OH DQGPHDVXUHPHQW GHYLFHV DVZHOO DV D
SKRWRJUDSKLFLPDJHRIWKHQR]]OHVXVHGDUHGLVSOD\HGLQ)LJ7KHQR]]OHVDUHPRXQWHGRQDSLH]RHOHFWULFDFWXDWRU
LQ VXFKZD\ WKDW D ORQJLWXGLQDOO\YLEUDWLRQFRXOGEHH[FLWHGSUHGRPLQDQWO\7ZRQR]]OHV 11ZLWKGLIIHUHQW
RULILFHGLDPHWHUVDUHXVHGZKLFKDUHPDGHRXWRIVWHHOE\PHDQVRIVSDUNHURVLRQVLQNLQJ7KHRULILFHGLDPHWHUVDUH
   P 1 DQG    P 1 DQG WKH LQWHULRU LQFLGHQW DQJOHV DUH  1 DQG  1 7KH
SLH]RHOHFWULF DFWXDWRUEDVHVRQ DSDUDOOHORJUDPGHVLJQZKLFK HQVXUHVPLQLPDO ODWHUDO RVFLOODWLRQVGXULQJG\QDPLF
RSHUDWLRQ ZLWK KLJK IUHTXHQFLHV 7KH VLQXVRLGDO VLJQDO RI D IXQFWLRQ JHQHUDWRU ZDV DSSOLHG WR WKH DFWXDWRU $
ZHLJKLQJFHOODOORZVWKHWLPHUHVROYHGPHDVXUHPHQWRIWKHPDVVDFFXPXODWLRQZLWKDUHVROXWLRQRIPJDQGD
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IUHTXHQF\RI+]7KHPHDVXUHPHQWSURFHGXUHLVHVWDEOLVKHGDVIROORZV)LUVWWKHQR]]OH¶VUHVHUYRLULVILOOHGZLWK
DFHUWDLQDPRXQWRISRZGHU7KHQWKHSRZGHUIORZLVLQLWLDWHGE\YLEUDWLRQDQGWKHPDVVDFFXPXODWLRQLVUHFRUGHG
IRUDFHUWDLQWLPHVSDQRUWLOO WKHQR]]OH¶VUHVHUYRLULVHPSW\)LQDOO\E\WKHGHULYDWLYHRIWKHPHDVXUHPHQWVLJQDO
ZLWKUHVSHFWWRWLPHWKHWHPSRUDOPDVVIORZLVREWDLQHG7KHDYHUDJHPDVVIORZUHVHPEOHVWKHDYHUDJHPDVVIORZ
RYHUWKHHQWLUHWLPHVSDQ7KHUHIRUHWKHPDVVIORZFXUYHZDVILWWHGZLWKDKRUL]RQWDOOLQH\LHOGLQJDOVRWKHVWDQGDUG
GHYLDWLRQ

)LJD6FKHPHRIWKHH[SHULPHQWDOVHWXSIRUWKHPDVVIORZPHDVXUHPHQWVESKRWRJUDSKLFLPDJHVRIWKHVWDLQOHVVVWHHOQR]]OHV1DQG1
ZLWKGLIIHUHQWRULILFHGLDPHWHUV
2.2. Powder Materials 
7KH XWLOL]HG SRO\PHU SRZGHUV DUH OLVWHG LQ 7DE  LQFOXGLQJ SDUWLFOH VL]H GDWD 6(0 LPDJHV RI WKH UHVSHFWLYH
SRZGHUVDUHGLVSOD\HGLQ)LJ3RO\DPLGH3$SRZGHUZKLFKLVODEHOHGDV3$ZDVREWDLQHGIURP(26
*PE+ .UDLOLQJ *HUPDQ\ DQG LV PRVWO\ XVHG ZLWK /%0 DSSOLFDWLRQV 3$ LV FRQIHFWHG E\ SUHFLSLWDWLRQ
SURFHVV OHDGLQJ WRSRWDWRVKDSHGSDUWLFOHVZLWKD ORZDPRXQWRI ILQHSDUWLFOHVDQG WKXVDQRXWVWDQGLQJIORZDELOLW\
6FKPLGet al.,QVWHDGSRO\SURSHOHQH33DQGKLJKGHQVLW\SRO\HWK\OHQH3(+'XVHGZHUHREWDLQHGIURP
FU\RJHQLFPLOOLQJFDXVLQJVSDWWHUHGSDUWLFOHVKDSHVZLWKDODUJHDPRXQWRIILQHSDUWLFOHV+RZHYHUWKHUHVXOWLQJORZ
IORZDELOLW\FDQEHLPSURYHGHDVLO\E\DGPL[LQJ$HURVLOIXPHGVLOLFDDWDFRQFHQWUDWLRQRIZW%OPHOet al.,
0RUHRYHUFDUERQEODFNDWDFRQFHQWUDWLRQRIZWZDVDGGHGZKLFKLVW\SLFDOO\XVHGLQ6LPXOWDQHRXV
/DVHU %HDP 0HOWLQJ 6/%0 RI PXOWLPDWHULDOV LQ RUGHU WR LPSURYH WKH DEVRUSWLRQ EHKDYLRXU RI WKH SRZGHU
/DXPHUet al.,)LQDOO\ WKHSRZGHUIRUPXODWLRQVZHUHVLHYHGWRUHPRYHDOOSDUWLFOHV ODUJHU WKDQPWR
HQVXUHDIDXOWOHVVSRZGHUGHOLYHU\WKRXURXJKWKHQR]]OHV

7DEOH3DUWLFOHVL]HGLVWULEXWLRQDFFRUGLQJWRPDQXIDFWXUDV¶GDWD
3RZGHU0DWHULDO 3$
(26*PE+
33
'X3RQW
3(+'
'X3RQW
G>P@   
G>P@   
G>P@   


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
)LJ6(0LPDJHVRID3$E33DQGF3(+'SRZGHU

5HVXOWVDQG'LVFXVVLRQ
3.1. Suitable Vibration Modes for Powder Dispensing 
:LWKRXW YLEUDWLRQ QR SRZGHUPDVV IORZ FRXOG EH GHWHFWHG 7KH SRZGHU GHYHORSV DQ DUFKLQJ VWUXFWXUH LQ WKH
QDUURZHQGRIWKHQR]]OHZKLFKSUHYHQWVWKHSRZGHUIURPIDOOLQJ:LWKDSSO\LQJYLEUDWLRQWKHSRZGHUIORZFDQEH
LQLWLDWHGE\EUHDNLQJWKHSRZGHUDUFK+HUHWZRNLQGVRIHIIHFWVRQWKHSRZGHUIORZKDYHWREHWDNHQLQWRDFFRXQW
FRPSDFWLRQ DQG GLODWLRQ :KLOH WKH ODWWHU UHVXOWV LQ UHGXFHG IULFWLRQ EHWZHHQ WKH SDUWLFOHV ZKLFK LQFUHDVHV WKH
IORZDELOLW\ DQG WKXV HQKDQFHV PDVV IORZ FRPSDFWLRQ UHLQIRUFHV IULFWLRQ DQG GUDJV WKH PDVV IORZ 7KH
SUHGRPLQDWLQJ HIIHFW LV GHWHUPLQHGE\ WKHSRZGHUV¶ SURSHUWLHV PRUSKRORJ\PHFKDQLFDO SURSHUWLHV HWF DQG WKH
QR]]OH¶V JHRPHWU\ RULILFH GLDPHWHU LQWHULRU DQJOH DVZHOO DV E\ WKH YLEUDWLRQPRGHVZKLFK DUH GHILQHG E\ WKH
YLEUDWLRQIUHTXHQF\DPSOLWXGHRULHQWDWLRQDQGVKDSH
1RW DOO YLEUDWLRQPRGHVZKLFK UHVXOW LQ VXIILFLHQW PDVV IORZ DUH VXLWDEOH IRU VHOHFWLYH SRZGHU GLVSHQVLQJ $
QDUURZGLVFKDUJHFKDUDFWHULVWLFLVDOVRLPSRUWDQWIRUJRRGGRVLQJSHUIRUPDQFHZKLFKLVQRWQHFHVVDULO\JLYHQDWKLJK
PDVVIORZV8QVXLWHGYLEUDWLRQPRGHVFDQOHDGWRVWURQJGLVSHUVHGRUHYHQHUXSWLRQOLNHGLVFKDUJHZKLFKFDQQRWEH
XVHGIRUKLJKVHOHFWLYHSRZGHUGHSRVLWLRQ>6WLFKHOet al.E@
6LQFH WKH YLEUDWLRQ FKDUDFWHULVWLF FDQ EH TXLWH FRPSOLFDWHG DQG VWURQJO\ GHSHQGV RQ WKH SLH]R DFWXDWRU GHVLJQ
XVHG DV ZHOO DV RQ WKH QR]]OH VHWXS JHRPHWU\ DQG PDVV D GHWDLOHG FKDUDFWHUL]DWLRQ DQG GLVFXVVLRQ RI GLIIHUHQW
YLEUDWLRQPRGHVLVVSDUHG+RZHYHUSUHOLPDUL\WHVWVUHYHDOHGWKDWDVWDEOHDQGUHSURGXFHDEOHYLEUDWLRQPRGHZLWKD
PLQLPXPRISDUDVLWLFRVFLOODWLRQVDV WUDQVYHUVDORVFLOODWLRQVRUKLJKHURUGHUPRGHVDUHUHDOL]HGIRUDIUHTXHQF\RI
+]ZLWKDSLH]RYROWDJHRI90RUHRYHUWKLVSDUDPHWHUVHWOHDGVWRDTXLWHQDUURZGLVFKDUJHFKDUDFWHULVWLF
ZLWKDVXIILFLHQWPDVVIORZDQGWKXVLVDSSOLHGLQWKHIROORZLQJH[SHULPHQWV

3.2. Start-Stop Function 
,QRUGHUWRTXDOLI\WKHVWDUWVWRSIXQFWLRQDQGPDVVIORZUHJDUGLQJWLPHVWDELOLW\WKHSLH]RZDVDFWLYDWHGIRU
VHFRQGVDQGSDXVHGDJDLQIRUVHFRQGVZKLOHWKHGHFKDUJHGPDVVZDVPHDVXUHGXVLQJWKHWLPHUHVROYLQJZHLJKLQJ
FHOO7KHGHYHORSPHQWRIWKHPDVVRYHUWLPHLVGLIIHUHQWLDWHGWRGHWHUPLQHWKHPDVVIORZ6LQFHWKHZHLJKLQJFHOOLV
KLJKO\VHQVLWLYHWRHQYLURQPHQWDOLQIOXHQFHVFXUYHVRIWKHPDVVIORZQHHGWREHVPRRWKHGXVLQJDGMDFHQWDYHUDJLQJ
$SKHQRPHQRQZKLFKFRXOGEHREVHUYHGDW WKHGLIIHUHQWSDUDPHWHU VHWV LVH[FHVVLYHPDVV IORZDIWHU WKHSLH]R
ZDVDFWXDWHGIRUWKHILUVWWLPH,QERWKGLDJUDPVRI)LJHDFKEHORQJLQJWRDGLIIHUHQWQR]]OHDVLJQLILFDQWSHDN
FDQEHUHPDUNHGZKLFKLVFLUFOHGLQUHG)RUQR]]OH1WKHLQLWLDOPDVVIORZSHDNLVWZRWLPHVKLJKHUWKDQWKHPDVV
IORZOHYHOOLQJRIIRYHUWLPHZKHUHDVWKHLQLWLDOSHDNIRUQR]]OH1DWWKHJLYHQYLEUDWLRQPRGHLVXSWRVL[WLPHV
KLJKHU2EYLRXVO\ WKH VLJQLILFDQWGLIIHUHQFH LQ WKHSHDNV DVZHOO DV LQ DYHUDJHPDVV IORZ UHVXOWV IURP WKHZLGHU
RULILFHGLDPHWHURIQR]]OH7KHUHDVRQIRUWKHLQLWLDOSHDNLVWKHUHODWLYHO\ORZEXONGHQVLW\RIWKHSRZGHULQVLGH
WKHQR]]OHEHIRUHYLEUDWLRQ:KHQWKHYLEUDWLRQLVDFWLYDWHGIRUWKHILUVWWLPHWKHSRZGHUDUFKLQWKHQDUURZHQGRI
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WKHQR]]OHEUHDNVDQGDQHQWLUHIOXVKRISRZGHUZLWKORZEXONGHQVLW\ LVGLVFKDUJHG7KLVHIIHFWKRZHYHU LV OHVV
LQWHQVHZKHQWKHYLEUDWLRQLVDFWLYLDWHGIRUWKHVHFRQGDQGIROORZLQJWLPHVVLQFHWKHSRZGHULVDOUHDG\FRPSDFWHG
GXHWR WKHSULRUYLEUDWLRQVWHS$VDFRQVHTXHQFH WKHSHDNVDUHYHU\VPDOODQGFDQEHPLVMXGJHGIRUEDFNJURXQG
QRLVH
6LQFHWKHLQLWLDOPDVVIORZIOXVKFDQEHHDVLO\SUHYHQWHGE\SUHFRPSUHVVLRQE\SUHFHGLQJYLEUDWLRQDSSOLFDWLRQ
ZLWKEORFNHGQR]]OHZHFDQQRZMXGJHWKHVWDUWVWRSIXQFWLRQWREHIXQFWLRQDOIRUERWKQR]]OHV2IFRXUVHWKHODUJHU
RULILFHGLDPHWHURIQR]]OH1OHDGVWRDKLJKHUPDVVIORZRIDURXQGPJVGXULQJYLEUDWLRQDFWLYDWLRQFRPSDUHG
WRPJVDFKLHYHGZLWKQR]]OH1+RZHYHUWKHPDVVIORZOHYHORIWKHDFWLYDWLRQUHJLPHVVHHPVWREHVOLJKWO\
GHFUHDVLQJ RYHU WLPH IRU ERWK QR]]OHV ZKLFK FDQ EH DWWULEXWHG WR WKH GHFUHDVLQJ SRZGHU OHYHO LQVLGH WKH QR]]OH
OHDGLQJWRVOLJKWO\YDU\LQJEXONGHQVLW\FRQGLWLRQRYHUWLPH%XWWKLVFDQHDVLO\EHVROYHGE\FRQWLQXRXVOHYHOLQJRII
WKHSRZGHUDPRXQWLQVLGHWKHQR]]OHXVLQJVFUHZDXJHUPHWKRGV


)LJ'HYHORSPHQWRIPDVVDQGPDVVIORZRYHUWLPHRIQR]]OHDW+]9OHIWDQGQR]]OHDW+]9ULJKWXVLQJ3$
SRZGHU7KHLQLWLDOH[FHVLYHPDVVIORZSHDNLVFLUFOHGZLWKUHGFRORU
3.3. Mass Flow of different Powder Materials 
7KHDYHUDJHPDVVIORZRIGLIIHUHQWSRZGHUPDWHULDOVXVLQJQR]]OH1FDQEHVHHQIURP)LJD:KHQWKHUDZ
SRZGHUVZLWKRXWDGGLWLYHVDUHFRPSDUHGWKHUHVXOWVFRQILUPWKHH[SHFWDWLRQVRI3$EHLQJWKHSRZGHUZLWKWKH
EHVWIORZDELOLW\'XHWRWKHSRWDWRVKDSHDQGWKHVPDOODPRXQWRIVPDOOSDUWLFOHVWKHSRZGHUIORZVZLWKDDYHUDJH
PDVV IORZ RI PJVZLWK YHU\ VPDOO IOXFWXDWLRQV DW D UHODWLYH VWDQGDUG GHYLDWLRQ RI  3( DQG 33 DUH QRW DV
EHQHILFLDOO\VKDSHGEXWVSDWWHUHGZLWKDKLJKDPRXQWRIVPDOOSDUWLFOHVOHDGLQJWRDJJORPHUDWLRQDQGWKXVWRDORZ
IORZDELOLW\&RQVHTXHQWO\ 3( IORZV DW D UDWH RIRQO\ PJVZKLOH33 DW PJV0RUHRYHU 3( LQ SDUWLFXODU
VKRZVDODUJHVWDQGDUGGHYLDWLRQLQGLFDWLQJDQLUUHJXODUSRZGHURXWSXWUHVXOWLQJIURPH[FHVVLYHDJJORPHUDWLRQGXH
WR LQWHUORFNLQJ RI WKH VSDWWHUHG SDUWLFOHV ,Q )LJ FG GHSRVLWHGPDVV RI 3$ LV FRPSDUHG WRPDVV RI 3(7KH
SLFWXUHVFOHDUO\GHPRQVWUDWHWKHWHQGHQF\RI3(33OLNHZLVHWRDJJORPHUDWH:KLOH3$VSUHDGVHYHQO\RYHUWKH
YHVVHO3(IRUPVDKHDSZLWKVWHHSVORSHVRXWRIDJJORPHUDWHGXQLWV
,Q RUGHU WR LPSURYH SRZGHU GLVFKDUJH IORZDELOLW\ HQKDQFLQJ DGGLWLYHV VXFK DV $HURVLO IXPHG VLOLFD FDQ EH
DGPL[HG7KLVFOHDUO\HQKDQFHVPDVVIORZWRDERXWPJVIRU3(DQG33ZKLFKLVWKHQVLPLODUWRWKHPDVVIORZRI
SXUH3$%XW IRU3$QR LQFUHDVHRIPDVV IORZFRXOGEHGHWHFWHGZKHQXVLQJ$HURVLOZKLFKVKRZV WKDW WKH
LPSURYHPHQWRIWKHIORZDELOLW\XVLQJ$HURVLOLVOLPLWHGWRDFHUWDLQUDQJH7KHDGGLWLRQDODGPL[LQJRIFDUERQEODFN
LVQRWFKDQJLQJWKHPDVVIORZVLJQLILFDQWO\+RZHYHUDOOYDOXHVLQFOXGLQJSRZGHUZLWK$HURVLODGPL[HGSRVVHVV
TXLWHKLJKVWDQGDUGGHYLDWLRQVEHWZHHQDQG:LWKFDUERQEODFNLWJRHVIXUWKHUXSWRRYHU$SRVVLEOH
H[SODQDWLRQ FRXOG EH DQ LQKRPRJHQHRXVPL[LQJ SURFHVV 6LQFH WKH SRZGHU ZHUH PL[HGPDQXDOO\ $HURVLO DQG
952   Thomas Stichel et al. /  Physics Procedia  83 ( 2016 )  947 – 953 
FDUERQEODFNPLJKWVHJUHJDWHSDUWLDOO\UHVXOWLQJLQSRZGHU]RQHVRIYDVWO\YDU\LQJIORZDELOLW\
)LQDOO\SXUH3$KDVVKRZQWREHPRVWVXLWDEOHIRUVHOHFWLYHSRZGHUGHSRVLWLRQXVLQJYLEUDWLQJQR]]OH+LJK
PDVVIORZVRIDERXWPJVZHUHDFKLHYHGZLWKORZVWDQGDUGGHYLDWLRQ7KHDGGLWLRQRI$HURVROZKLFKLVHVVHQWLDO
IRU 3( DQG 3( WR DFKLHYH PDVV IORZV DURXQG  PJV FRPHV DORQJ ZLWK ODUJH VWDQGDUG GHYLDWLRQ LQGLFDWLQJ D
LQKRPRJHQHRXVSRZGHUPL[WXUHFRQGLWLRQ




)LJD$YHUDJHPDVVIORZXVLQJQR]]OH1DQGEFRUUHVSRQGLQJVWDQGDUGGHYLDWLRQRIGLIIHUHQWSRZGHUIRUPXODWLRQVLQFOXGLQJWKHSRZGHU
PDWHULDOVSRO\DPLGH3$KLJKGHQVLW\SRO\HWK\OHQH3(DQGSURS\OHQH33DVZHOODVWKHDGGLWLYHV$HURVLO$DQGFDUERQEODFN*
3KRWRJUDSKLFLPDJHRIGLVSHQVHGFSRO\DPLGHDQGGSRO\HWKHOHQHSRZGHU7KHVWDQGDUGGHYLDWLRQLVFDOFXODWHGIURPWKHWHPSRUDOPDVV
IORZFXUYHZLWKUHVSHFWWRDQLGHDOFRQVWDQWWHPSRUDOPDVVIORZ
&RQFOXVLRQ
,Q WKLV UHSRUW WKH GHOLYHU\ RI SRO\PHU SRZGHU E\ YLEUDWLQJ QR]]OHV ZDV LQYHVWLJDWHG ZLWK UHVSHFW WR WKHLU
DSSOLFDWLRQLQ/%0PDFKLQHV7KHUHIRUHVWHHOQR]]OHVDWWDFKHGWRDSLH]RDFWRUDQGDZHLJKLQJFHOOZHUHXVHGLQ
RUGHU WR LQYHVWLJDWH WKHVWDELOLW\DQGWLPHGHSHQGHQFHRI WKHSRZGHUPDVVIORZXSRQYLEUDWLRQH[FLWDWLRQZLWKWKH
XVDJHRIGLIIHUHQWNLQGRISRZGHUIRUPXODWLRQV
)RUWKHPDVVIORZPHDVXUHPHQWVDFHUWDLQYLEUDWLRQPRGHDW+]DQGDSLH]RYROWDJHRI9ZDVDSSOLHG
7KHUHVXOWVVKRZWKDWSUHFRPSUHVVLRQRIWKHSRZGHULQVLGHWKHQR]]OHE\YLEUDWLRQH[FLWDWLRQLVHVVHQWLDOWRUHDOL]HD
UHOLDEOHVWDUWVWRSIXQFWLRQZLWKUHSURGXFLEOHGLVFKDUJHF\OHVDQGWRSUHYHQWDLQLWLDOIOXVKRISRZGHUIORZZKLFKZDV
VKRZQWREHYHU\VWURQJIRUWKHQR]]OHZLWKWKHODUJHURULILFHGLDPHWHU*HQHUDOO\DVOLJKWGHFUHDVHRIPDVVIORZ
OHYHO RI WKH DFWLYDWLRQ UHJLPHV RYHU WLPH IRU ERWK QR]]OHV ZDV GHWHFWHG ZKLFK ZDV DWWULEXWHG WR WKH GHFUHDVLQJ
SRZGHUOHYHOLQVLGHWKHQR]]OHVOHDGLQJWRVOLJKWO\YDU\LQJEXONGHQVLW\RYHUWLPHGXHWRPDVVUHGXFWLRQ7KLVPLJKW
EHVROYHGE\FRQWLQXRXVOHYHOLQJRIIWKHSRZGHUDPRXQWLQVLGHWKHQR]]OHXVLQJVFUHZDXJHUPHWKRGV
0RUHRYHUWKHXVHRIGLIIHUHQWSRZGHUPDWHULDOVUHYHDOHGWKDWSXUH3$3$(26*PE+LVPRVWVXLWHG
IRU VHOHFWLYH SRZGHU GHSRVLWLRQ XVLQJ YLEUDWLQJ QR]]OH UHVXOWLQJ LQ D PDVV IORZ RI  PJV ZLWK D ORZ VWDQGDUG
GHYLDWLRQ RI    1HYHUWKHOHVV PDVV IORZ LV HYHQ SRVVLEOH ZLWK SRZGHUV ZKLFK DUH QRW RSWLPL]HG UHJDUGLQJ
IORZDELOLW\ EDVLQJ RQ 3( RU 33 EXW LV UHDGLO\ HQKDQFHGZLWK D IDFWRU RI  WR  E\ DGPL[LQJ ZW$HURVLO
+RZHYHU WKH VWDQGDUG GHYLDWLRQ DOVR LQFUHDVHV XVLQJ DGGLWLYHV ZKLFK LV PRVW OLNHO\ FDXVHG E\ LQKRPRJHQHRXV
PL[WXUHUHVXOWLQJLQSRZGHU]RQHVRIYDVWO\YDU\LQJIORZDELOLW\


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